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Abstract. The linear muffin-tin-orbital method based on the density-functional theory
and the semi-empirical method of the Intermediate Neglect of the Differential Overlap
based on the Hartree–Fock formalism are used for the supercell study of the F centers
in cubic and orthorhombic ferroelectric KNbO3 crystals. Two electrons are found to
be considerably delocalized even in the ground state of the defect. The absorption
energies were calculated by means of the INDO method using the ∆SCF scheme after
a relaxation of atoms surrounding the F center.
As an example of another type of point defect in perovskite, an isolated Li impurity
in KTaO3 as well as interacting Li pairs are considered in the supercell approach, us-
ing the supercells of up to 270 atoms. The off-center Li displacement, reorientational
energy barriers and the lattice relaxation around impurities are calculated. The re-
sults are compared with those obtained earlier within the shell model, revealing the
relaxation pattern somehow different from the shell model estimations.
INTRODUCTION
It is well understood now that point defects play an important role in the electro-
optic and non-linear optical applications of KNbO3 and related materials [1]. In
particular, the light frequency doubling in KNbO3 is seriously affected by uniden-
tified defects responsible for the induced IR absorption [2]. The photorefractive
effect, important in particular for holographic storage, is also known to depend on
the presence of impurities and defects.
One of the most common defects in oxide crystals is the so-called F center, an O
vacancy VO which traps two electrons [3]. In electron-irradiated KNbO3, a broad
absorption band is observed around 2.7 eV at room temperature and tentatively as-
cribed to F centers [4,5]. The motivation behind the present study of this defect by
means of theory is twofold. First, due to the lowering of the local point symmetry at
the O site in ferroelectric phases of KNbO3 (for instance, in the orthorhombic phase
which is the room-temperature one), the degeneracy of the 2p-type excited state
may be lifted, resulting in several splitted absorption bands. Second, there were
claims in the literature in favor of the symmetry breaking between two Nb atoms
neighboring the O vacancy, resulting in an asymmetric electron density distribution
[6]. In order to clarify these questions and to check the assignment of the 2.7 eV
absorption band, we study in the present paper the F center in KNbO3 using the
supercell model and two different theoretical techniques: the full-potential linear
muffin-tin orbital (FP-LMTO) and the semiempirical Intermediate Neglect of the
Differential Overlap (INDO) methods. In the present contribution we essentially
summarize the results presented recently in more detail in Ref. [7].
The same techniques, also in the supercell approach, have been applied to the
study of another point defect, inducing lattice relaxation in a incipient ferroelectric
crystal: Li substituting K in KTaO3. As is experimentally known [8], such substi-
tutional impurity gets spontaneously displaced along one of six possible [100]-type
directions. The magnitude of this displacement and (in some cases) the lattice
relaxation related to it have been estimated by empirical models [9,10], the shell
model [11,12], first-principles FP-LMTO calculations [13] and recently by the INDO
method [14]. As an extension of the latter study, we discuss in the present contri-
bution also the effects of interaction between Li impurities by the same method.
The INDO method has an advantage of being relatively compact in what regards
the necessary computer resources. This allows in the study of impurity systems
to treat relatively large supercells which remain well beyond the range of ab ini-
tio total-energy methods. At the same time, once the essential parameters of the
INDO method are known for the system in question, the description of excitation
energies and/or total-energy trends with the INDO method is much better than
within any model schemes.
The INDO method is described in detail in Ref. [15]. We used its practical imple-
mentation in the computer code CLUSTERD. The technical details related to the
application of method (e.g. parametrisation) for KNbO3 can be found in Ref. [16],
for Li-doped KTaO3 – in Ref. [14]. As a benchmark for the INDO parametrisa-
tion in the previous study [16,14], as well as for independent investigation of the
F -center in Ref. [7] (the essential results of which are discussed below), we used
the FP-LMTO method in the implementation by M. Methfessel [17].
TECHNICAL DETAILS OF CALCULATION AND
RESULTS FOR F-CENTERS
In both LMTO and INDO calculations of the oxygen vacancy in KNbO3, we used
2×2×2 supercells, including 39 atoms, for the geometry of ideal cubic perovskite
lattice. A more detailed study of F -center system within the local density approxi-
mation, using e.g. the atomic sphere approximation along with the FP-LMTO, the
electronic structure of the defect system and the aspects of correcting the band gap
are discussed in Ref. [7] and skipped here. Summarizing, the band gap estimated
from the ground-state band structure in the local density approximation (LDA), as
is not justified but commonly used, is known to be underestimated in dielectrics.
This does not present a problem for the total-energy studies (even structure opti-
mizations) in pure oxides, but in case of the F -center the impurity band formed
in the band gap exhibits too strong dispersion (due to limited supercell size) and
overlaps with the states in the conduction band, resulting in a metallic behavior of
the impurity system. In the INDO calculation which is essentially a Hartree-Fock
scheme and hence tends to overestimate the band gap, no such problem arises. On
the other hand, we would like to keep the LDA results as a useful reference point
for the electronic structure and as a reliable benchmark of the total energy-based
structure optimization. It can be achieved either by an artificial operator shifting
the Nb4d states in the conduction band upwards (that is useful for the analysis of
the electronic structure but makes the total energy results unreliable), or by per-
forming the total energy calculation with only one k-point in the Brillouin zone,
in order to suppress the dispersion of the defect states. In the latter case, the
calculation setup becomes somehow resembling that of INDO, where also only the
Γ point is traditionally used for the k-space sampling, in the spirit of the “large
unit cell” (LUC) scheme [18]. Since the structure optimization normally needs
good convergency in the number of k-points, the total-energy result of such LDA
calculation should be considered as an approximate one, giving rather an error bar
when taken together with that of INDO. According to the LDA calculation, the
relaxation of two Nb atoms neighboring to the F center is outwards by 4.8% of
the lattice constant, resulting in the energy lowering by 1.2 eV. From the INDO
calculation, both values are somehow larger but in qualitative agreement with the
LDA results: outward relaxation of two Nb neighbors by 6.5% and the energy gain
of ∼3.7 eV.
In addition to analyzing this most important aspect of relaxation, we optimized
in the INDO calculation the positions of more distant neighbors (14 atoms in total)
to the O vacancy as well. The 0.9% outward displacement of K atoms and the 1.9%
inward displacement of O atoms gives the total relaxation energy of∼4.7 eV, mostly
due to the contributions from the Nb and O displacements.
The analysis of the effective charges of atoms surrounding the F center shows
that of the two electrons associated with the removed O atom, only ≈ −0.6|e| is
localized at the vacancy, and about a similar extra charge is localized on the two
nearest Nb atoms. The F center produces a local energy level ≈ 0.6 eV above the
top of the valence band. Its molecular orbital contains primarily contribution from
the atomic orbitals of the two nearest Nb atoms.
The structure optimization based on the INDO calculation has also been done
for a low-symmetry geometry corresponding to a room-temperature (ferroelectric)
orthorhombic phase of KNbO3. This phase is stable in a broad temperature range
(263 to 498 K) and hence subject to most studies and practical applications. The
structure parameters in pure KNbO3 have been optimized with the INDO method
TABLE 1. Calculated absorption energy for the F center (Eabs) and
the energy of the nearest-neighbors Nb relaxation (Erel) in cubic and
orthorhombic phases of KNbO3.
Symmetry, phase Eabs (eV) Erel (eV)
C4v, cubic 2.73 2.97 – 3.7
Cs, orthorhombic 2.56 3.03 3.10 3.6
C2v, orthorhombic 2.72 3.04 3.11 3.6
in Ref. [16] and are in quite good agreement with the experimental measurements.
In the orthorhombic phase, there are two inequivalent positions of oxygen and
hence the possibility to form two different kinds of F -center, possibly with different
optical properties. The displacements of Nb atoms nearest to VO were calculated
for these both types of defects and found to be very close to those found for the
cubic phase. The relevant relaxation energies (3.6 eV) and also nearly the same as
for the Nb relaxation found in the cubic phase.
Because of different local symmetry at the O site (either C2v or Cs, in contrast
to C4h in the cubic phase), the energetics of the impurity levels changes. In the
cubic phase, the VO excited state splits into two levels, one of which remains two-
fold degenerate. Our ∆SCF calculations predict the two relevant vacant bands,
the absorption energies of which are given in Table 1. In the orthorhombic phase,
the degeneracy of the impurity level is completely lifted (Table 1). The relaxation
energies (associated with the Displacement of Nb neighbors only) are also listed in
Table 1 for comparison.
OFF-CENTER DISPLACEMENT OF Li IN KTaO3 AND
RELATED LATTICE RELAXATION
The off-center displacement of substitutional Li in KTaO3 is known to induce a
considerable long-range polarization of crystal. Therefore the supercell size needs to
be larger than for the study of F centers. The size of the polarized region associated
with the [100]-displaced Li ion was estimated in the shell model calculation by
Stachiotti and Migoni [11] to be about 5 lattice constants along the direction of
displacement, with ∼99% of the ‘effective dipole’ polarization being confined to
nearest Ta–O chains, that go parallel to the displacement. As is discussed below, the
magnitudes of the atomic displacements and polarization in our present calculation
is considerably smaller than those found in Ref. [11], and the relaxed neighbors to
the Li impurity are well within the 3×3×3 supercell. In order to be on safer side,
we performed as well the calculations for a supercell doubled in the direction of Li
displacement, i.e., 6×3×3, with a single [100]-displaced Li atom. The equilibrium
displacement in this case is 0.62 A˚, exactly as for the 3×3×3 supercell, with the
energy lowering 57.2 meV. The difference from the result for a 3×3×3 supercell
(62.0 meV) roughly represents the uncertainty related to the supercell size in our
23
2
1
z
y
x
Li
1
1
1
2
3
3
3
2
[100]
x
5
4
4
4
4
3 2
2
2
2
1
3
Li
z
y
[110]
FIGURE 1. [100] and [110] Li off-center displacements and the relaxation pattern of neighboring
oxygen atoms.
calculations.
The parametrisation of the INDO method for the KTaO3:Li system has been
done in Ref. [14] based on the comparison with the results of earlier FP-LMTO
calculations [13] in what regards the magnitude of the Li off-center displacement
(0.61 A˚ [13]) as well as the energy gain due to the Li displacement. The total
energy as function of [100] and [110] Li off-center displacements as calculated by
INDO is shown in Fig. 2. Our equilibrium [100] off-center displacement of 1.44 A˚
from the shell model by Stachiotti and Migoni within the shell model [11]. On the
other hand, our value is in good agreement with a more recent, and apparently
more elaborately parameterized, shell model calculation by Exner et al. (0.64 A˚,
Ref. [12]).
TABLE 2. Relaxed atomic positions for the Li displacement as calculated by INDO.
Atom Lattice coordinates Displacement
Li [100] displacement
Li ∆x 0 0 ∆x = 0.1550
4×O(1) 1
2
+∆x
1
2
+∆y 0 ∆x = −0.0045; ∆y = −0.0105
4×O(2) ∆x
1
2
+∆y
1
2
+∆y ∆x = 0.0070; ∆y = −0.0026
4×O(3) − 1
2
+∆x
1
2
+∆y 0 ∆x = −0.0020; ∆y = 0.0020
Li [110] displacement
Li ∆x ∆x 0 ∆x = 0.0760
1×O(1) 1
2
+∆x
1
2
+∆x 0 ∆x = −0.0090
4×O(2) 1
2
+∆x ∆y
1
2
+∆z ∆x = −0.0060; ∆y = 0.0030; ∆z = −0.0080
2×O(3) 1
2
+∆x −
1
2
+∆y 0 ∆x = −0.0020; ∆y = 0.0060
4×O(4) − 1
2
+∆x ∆y −
1
2
+∆z ∆x = 0.0003,∆y = 0.0001,∆z = 0.0003
1×O(5) − 1
2
+∆x −
1
2
+∆x 0 ∆x ∼ 0
Li displacement (
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FIGURE 2. Total energy gain as function of [100] and [110] Li displacements without lattice
relaxation (dashed line with open circles), and the total energy values after including the relaxation
of three groups of nearest oxygen atoms.
The displaced Li ion with its neighboring oxygen atoms is shown schematically
in Fig. 1 for the cases of [100] and [110] off-center displacements. The [100] dis-
placement is known to occur in reality [8] whereas the [110] displacement represents
a saddle point between two such adjacent and equivalent displaced configurations.
Oxygen atoms are numbered according to their separation into several inequivalent
groups.
The energy gain due to the Li off-center displacement is not directly measurable
in an experiment, but there are estimations for the 900-energy barrier via the saddle
point between [100] and [010]-displaced positions to be 86 meV [10]. Our estimate
of the energy difference between [100] and [110] minima is ∼30.2 meV, roughly two
times larger than in the FP-LMTO calculation [13], but much less than the experi-
mental estimate. The origin of this discrepancy, as has been mentioned in Ref. [13],
is most probably related to the lattice relaxation around the displaced Li ion, that
makes the net energy gain from the displacement larger, and the 900-activation
energy (involving now the displacement of many atoms) correspondingly higher.
Indeed, the second harmonic generation-based estimates of the activation barrier
[19] reveal two types of processes, apparently one involving the lattice relaxation
(with the barrier height 86.2 meV) and another one that is too fast for the lattice
to follow, with the barrier 14.7 meV.
In order to clarify this point, we performed a lattice relaxation of several shells
of neighbors to the displaced Li ion, for the cases of [100] and [110] displacements.
The relaxed coordinates of atoms are given in Table 2, where the oxygen atoms are
numbered consistently with Fig. 1. The total energy values resulting from the grad-
ual inclusion of neighbor relaxation are shown in Fig. 2. We found the relaxation
of twelve nearest oxygen atoms essential, and the effect of relaxing nearest Ta and
more distant atoms to be negligible, in what regards the effect on the total energy.
The energy gain in the fully relaxed [100]-displaced configuration, with respect to a
non-relaxed central Li position, is 158.9 meV; the energy gain in the relaxed [110]-
configuration is 102.3 meV. Therefore, the enhancement of the excitation barrier
due to relaxation effects is by a factor of two, but still not sufficient to reach ex-
perimentally expected ∼86 meV. This discrepancy may be due to the fact that in
reality the 900-reorientation process of the impurity does not necessarily occur via
the fully relaxed saddle-point configuration. Depending on the actual degree of
relaxation around the saddle-point Li position, the barrier height is expected from
Fig. 2 to be between ∼57 meV (full relaxation at the saddle point) to ∼127 meV
(no relaxation).
INTERACTING Li IMPURITIES IN KTaO3
The experimental investigations of the diluted K1−xLixTaO3 system are numerous
and include e.g. the nuclear magnetic resonance studies of relaxational dynamics
associated with dipole reorientations [20], ultrasound attenuation measurements
[21] and the measurements of the low-frequency shear modulus [22]. Due to different
technical limitations, none of these methods allows to attain the ground state of
system in the concentration range x ≤ 7%.
Up to now, there are reported only few theoretical studies of interacting Li im-
purities in KTaO3, using mainly analytical approaches [23] or oversimplified shell
model calculations [24], but there are no ab initio studies reported to our knowl-
edge at this field. In order to get some theoretical predictions, check results of
shell model calculations [24], and answer the question about the nature of the low-
temperature phase of K1−xLixTaO3 at small concentrations of Li spin glasses or
ferroelectrics, INDO calculations of Li-Li interaction in KTaO3 may be of certain
interest.
In the preliminary calculations done by now, we concentrated on two following
subjects. First, we wanted to know how the interaction between Li impurities
which substitute two neighboring K sites affects the energy characteristics and the
lattice relaxation associated with each impurity. For this purpose, we allowed the
simultaneous adjustment of the structure coordinates as listed in Table 3 (affecting
both impurities and 20 oxygen neighbors). The labelling of atoms in Tab. 3 and
the qualitative scheme of the relaxation pattern is shown in Fig. 3. The relaxation
of Ta and K atoms was found to be much smaller than that of O neighbors. The
energy gain that was 62 meV due to the [100] displacement of a single Li impurity
and 159 meV for the oxygen relaxation taken into account, makes correspondingly
176 meV and 407 meV per two Li impurities. It indicates that a substantial Li-Li
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FIGURE 3. Off-center displacements of two nearest Li atoms and the relaxation pattern of 20
neighboring oxygen atoms.
interaction of the magnitude E(2Li)− 2×E(Li)= 52 meV for bare Li and 89 meV
for Li with oxygen “cloud” indeed occurs and is enhanced by lattice polarization.
Second important characteristic is the strength and spatial distribution of the
dipole field created by each Li impurity. In order to study it, we used the “probe”
Li impurity at different lattice positions and displaced in different directions with
respect to the “central” one. The “central” impurity was displaced along [100]
by 0.62 A˚, i.e. the equilibrium displacement for the single off-center Li ion. The
“probe” impurity was allowed to relax along the given direction, and the interac-
tion energy was extracted as a measure of the dipole field in crystal. The tested
positions of the “probe” impurities in crystal are indicated in Fig. 4, and the re-
sulting interaction energies – in Table 4. One can clearly see the anisotropy of the
TABLE 3. Lattice relaxation around two nearest Li impurities
Atom Lattice coordinates Displacement
Li(1) ∆x 0 0 ∆x = 0.1550
Li(2) 1+∆x 0 0 ∆x = 0.178
O(1) − 1
2
+∆x ±(
1
2
+∆yz) 0 ∆x = −0.0022; ∆yz = 0.0022
O(2) ∆x ±(
1
2
+∆yz) ±(
1
2
+∆yz) ∆x = 0.0075; ∆yz = −0.0028
O(3) 1
2
+∆x ±(
1
2
+∆yz) 0 ∆x = −0.0074; ∆yz = −0.0082
O(4) 1+∆x ±(
1
2
+∆yz) ±(
1
2
+∆yz) ∆x = 0.0080; ∆yz = −0.0032
O(5) 3
2
+∆x ±(
1
2
+∆yz) 0 ∆x = −0.0057; ∆yz = −0.0125
(f)
(1) (b) (c)(a)
(d) (e)
FIGURE 4. Distribution of interacting Li impurities in 3×3×6 extended KTaO3 supercell.
There are considered interaction between Li(1) and another Li placed consequently in a,b,c,d,e,f
positions.
TABLE 4. Effective interaction energy Eint. and equilibrium displace-
ment ∆ of the second Li atom (a–f) for different mutual configurations
displacements. The displacement of Li(1) is fixed at 0.62 A˚ along [100].
Li pair Eint (meV) ∆ (A˚) Li pair Eint (meV) ∆ (A˚)
1–a 61.6 0.72 1–d 28.52 0.677
1–b 10.29 0.633 1–e 5.93 0.633
1–c 7.56 0.629 1–f 17.91 0.657
interaction field. The numerical values may be somehow affected by the choice of
even larger supercell in subsequent calculations. It is noteworthy, however, that
the interaction strength decreases with the distance faster than it was found in the
shell model calculations [24].
SUMMARY
In the present study of two different point defects in perovskites by means of a
semiempirical INDO method, based on the comparison with ab initio calculation
results, we established the following. The ground state of the F center in KNbO3 is
associated with a strong symmetrical relaxation of two nearest Nb atoms outwards
relative to the O vacancy. We presented a strong argument that the 2.7 eV ab-
sorption band observed in electron-irradiated crystals could be due to the F -type
centers, and predicted the existence of two additional absorption bands (at 3.04
eV and 3.10 eV) for the same defect in the orthorhombic phase of KNbO3. In the
analysis of single and interacting off-center Li impurities in KTaO3 we estimated
the lattice relaxation around impurities and the characteristic interaction energies,
depending on the distance between the defects and their mutual orientation. The
interaction energies are lower and less long-ranged than it was estimated from ear-
lier shell-model calculation.
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